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A common 
first-order time-to-contact based 
control of  hand-closure initiation 
in catching and grasping 
5





To catch or grasp an object, the initiation of  hand closure has to be coordinated 
with the relative movement between hand and object. In a previous study (van 
de Kamp et al., 2010), the authors studied two tasks, catching while keeping the 
hand stationary and prehension, in search of  a common control of  the initiation 
of  hand closure for both tasks. They showed that the initiation of  hand closure 
could well be based on first-order time-to-contact in the prehension task but 
not in the catching task they had studied. The current study tested if  the fact 
that the hand-object gap closed at a linear rate made that the initiation of  
hand closure could not be explained on the basis that same first-order time-
to-contact in the catching task. In Experiment 1, the participants had to catch 
targets that approached at nonlinear rates while keeping the hand stationary. 
In Experiment 2, the participants were free to move their hand in catching the 
approaching objects, allowing the closure of  the hand-object gap to happen 
at an nonlinear rate as it would in natural movements. The results showed 
that the first-order time-to-contact based control of  the initiation of  hand 
closure did apply in Experiment 2 whereas it did not in Experiment 1. It was 
concluded that constraining the catching task such that it became unnatural 
led to a hampered timing, thus obstructing the finding of  the common control 
in the previous study, and in Experiment 1 of  the current study.
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introduCtion
When reaching out to grasp a pencil rolling off  our desk or when we catch a 
pitch in baseball, the opening- and closing movements of  our grasping hand 
need to be coordinated with the closure of  the gap between our grasping hand 
and the target object. It has been suggested that the timing of  hand-closure 
initiation -that is, the transition from hand opening to hand closing- is based 
on first-order time-to-contact information, the information about the time 
needed to close the current gap between the grasping hand and the target 
object when the speed of  gap closure would remain unchanged (e.g., Bootsma 
& Peper, 1992; Lee, 1976; Savelsbergh, Whiting, & Bootsma, 1991). Given 
that this first-order time-to-contact is a property of  the relative hand-object 
movement, it does not matter whether the hand moves towards the object, the 
object moves towards the hand, or the hand and the object move towards each 
other. This makes that the same first-order time-to-contact based initiation of  
hand closure could apply in all three conditions. 
In a previous study (van de Kamp, Bongers, & Zaal, 2010), in which we 
compared catching and prehension, we tested the hypothesis of  a first-order 
time-to-contact based generic control of  the initiation of  hand closure in both 
tasks. In the prehension task, participants were asked to reach for and grasp 
an object approaching at a constant velocity. For this task, we concluded that 
the timing of  hand-closure initiation could be well understood on the basis 
of  first-order time-to-contact information. However, for the catching task, 
in which participants were asked to keep the grasping hand stationary while 
catching the approaching object, the results were less convincing. Why would 
this be the case?
One obvious difference between van de Kamp et al.'s (2010) prehension 
and grasping tasks was the way that the hand-object gap was closed: In the 
prehension task the grasping hand moved towards the object in order to grasp 
it, whereas in the catching task the hand was kept stationary. This difference 
in how the hand contributes to the closure of  the hand-object gap might be 
responsible for the differences between prehension and catching that we found 
in our earlier study (van de Kamp et al., 2010). Because reaching movements 
are characterized by a bell-shaped velocity profile, the hand-object gap is closed 
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at a typical, nonlinear rate in prehension. In contrast, given the constant object 
velocity and the stationary hand, the hand-object gap was closed at a linear 
rate in the catching task. Is it the (non)linearity of  the gap closure speed that 
caused the observed differences, we asked. And if  so, does it matter what the 
shape of  nonlinearity is exactly? Does the nonlinearity need to be the same as 
in natural reaching? In the current study we tried to answer these questions 
by manipulating the hand-object relation in two different ways. In a first 
experiment, we had the object close the hand-object gap at a nonlinear rate 
while instructing our participants to keep the catching hand stationary. In a 
second experiment, we did not give instructions as to how to pick up the target 
object, participants were free to move their catching hand, thereby leaving the 
rate of  change in hand-object closure up to the person performing the task. 
  As mentioned before, in our earlier study (van de Kamp et al., 2010), we 
found that first-order time-to-contact could explain the moment of  initiation 
of  hand closure in prehension but not in catching. To understand how the 
differences in hand-object gap closure affect control of  grasping, we used two 
models that relate the gap closing between hand and object with information 
controlling the grasp. Before turning to the experiments, we will briefly discuss 
these two accounts of  how first-order time-to-contact information is related 
to the initiation of  hand closure. Both accounts use the same information 
but differ in the way that the information is being used (i.e., the control law; 
Bootsma, Fayt, Zaal, & Laurent, 1997; Warren, 1988). The most straightforward 
way of  relating the initiation of  a movement response to first-order time-to-
contact is to trigger the movement upon reaching a threshold value of  tau, the 
optical variable specifying first-order time-to-contact (Bootsma & Oudejans, 
1993; Lee, 1976; Lee, Young, Reddish, Lough, & Clayton, 1983; Lee & Reddish, 
1981; Michaels, Zeinstra, & Oudejans, 2001; Savelsbergh, Whiting, & Bootsma, 
1991, Savelsbergh, Whiting, Pijpers, & Van Santvoord, 1993; Tresilian, 1991). 
We will refer to this way of  using first-order time-to-contact information as 
the critical-tau model. 
Instead of  using a threshold approach to explain how first-order time-to-
contact information is related to hand-closure initiation, Zaal and colleagues 
(Zaal, Bootsma, & Van Wieringen, 1998; Zaal & Bootsma, 2004) took a 
nonlinear-dynamics approach (e.g., Kelso, 1995). Therefore, they elaborated a 
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version of  Schöner’s (1994) model, consisting of  a set of  differential equations 
that describe the two possible states of  the system (see van de Kamp et al., 
2010). One is the hand-opening state, the other is the hand-closing state. The 
optical variable tau affects the stability of  the hand-opening state and the 
hand-closing state of  the grasping system. Note that the way the gap between 
the hand and the object closes determines the evolution of  tau, and thus, the 
stability of  the hand-opening or hand-closing state. This dynamic model, which 
we will refer to as the dynamic-tau model, should, in essence, make the control 
system more robust to perturbations in the hand-object relation. As compared 
to the critical-tau model, the dynamic-tau model, therefore, is expected to 
explain more of  the variability seen in different grasping conditions.
In our previous study (van de Kamp et al., 2010), we asked the question 
whether the critical-tau model or the dynamic-tau model would be best in 
explaining the timing of  hand-closure in both catching and prehension. As had 
been reported before (Zaal et al., 1998; Zaal & Bootsma, 2004), the dynamic-
tau model seemed most promising in explaining the timing of  hand-closure 
initiation in prehension. Unfortunately, as we pointed out before, neither the 
dynamic-tau model nor the critical-tau model was found completely successful 
in explaining the initiation of  hand-closure when participants were instructed to 
keep the hand stationary while catching the approaching object. For this reason, 
in the current study, we focused on the nature of  the hand-object relation in 
catching and asked whether introducing nonlinearities into this relation would 
result in grasping behavior that could be accounted for by either of  the two 
models. If  this were the case, a generic understanding of  the control of  hand-






Ten men and ten women, with an average age of  20.3 years (ranging from 
18 to 23 years) participated in the experiment. All were right-handed and had 
normal or corrected to normal vision. The participants were naive to the exact 
purpose of  the experiment, gave their informed consent, and were paid a small 
fee for participating. 
Apparatus
We used the same apparatus as van de Kamp and colleagues (2010). A 
cylindrical target object (diameter: 3 cm, height: 1.5 cm) was placed on top 
of  a magnet embedded object carrier, which was made to move along a plain 
white tabletop (2 m x 2 m) by means of  a magnetic coupling to a servo-motor-
driven mechanism underneath. The exact path of  the target object’s movement 
was computer-controlled through a user interface that was developed for 
this purpose (LabView, National Instruments, Austin, TX, USA). Using an 
Optotrak system (NDI, Waterloo, Ontario, Canada), the positions of  four 
infrared light emitting diodes (IREDs) were captured at a rate of  200 Hz. The 
IREDs were placed on the center of  the target object, the lateral lower corner 
of  the index-finger nail, the medial lower corner of  the thumb nail, and the 
skin immediately proximal tot the styloid process of  the radius at the wrist. 
Procedure and design
Participants were asked to catch the target object that approached with one 
of  five constant object accelerations (-50, -20, 0, 20, and 50 cm/s2) arriving at 
the catching hand at one of  two velocities (40 and 60 cm/s). Participants sat 
along the side of  the table, with their right side touching the table edge and 
their sagittal plane parallel to the table edge. The object approached along the 
participants’ sagittal plane, some 30 cm away from the edge of  the table. At the 
start of  each trial, with the tips of  the thumb and index finger touching, these 
were placed on the table top on a marked interception position. As illustrated 
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by the dashed line in Figure 1, the approaching movement of  the target object 
was realized in three phases. First, the object covered a 3 cm distance by quickly 
accelerating until reaching one of  four constant velocities (20, 40, 60, 80 cm/s). 
In the second phase, this object velocity was maintained until the beginning 
of  the third phase in which the object was made to decelerate or accelerate 
again (-50, -20, 0, 20, and 50 cm/s2). The initiation of  phase three was timed 
such that the object arrived at the pick-up location with an object velocity of  
either 40 cm/s or 60 cm/s. In all conditions the total distance covered was 
103 cm. Participants were to catch the approaching object between the pads 
of  the thumb and index finger while keeping the position of  their hand fixed. 
After liftoff, the object was to be placed on the table top somewhere near the 
pickup location. During the object approach, headphone delivered white noise 
was played. The 10 randomized conditions (5 accelerations x 2 end velocities) 
were presented in 10 blocks, resulting in a total of  100 trials per participant.
Data analysis 
In total, we used 1965 trials for the data analyses. In 35 trials, we encountered 
problems with controlling the object carrier or some IRED data was 
missing. Position data was smoothed using a low-pass recursive second-order 
Butterworth filter with a cut-off  frequency of  10 Hz. Hand position was 
defined as the average position of  the thumb and the index-finger IRED. Hand 
aperture was defined as the three-dimensional distance between the thumb and 
the index finger IREDs. The rate of  change of  hand aperture was computed 
using a three point finite difference algorithm. The initiation of  hand closure 
was determined by looking back from the moment of  peak closing velocity to 
detect the first moment that the hand closing speed dropped below a threshold 
of  2 cm/s. The start and end of  the grasping movement were defined as the 
moment when hand opening and closing speed rose above or dropped below 
a threshold of  2 cm/s, respectively. The interception location was defined as 
the hand position at the end of  the grasping movement.
First-order time-to-contact TC1(D) at the moment of  hand-closure initiation 
was computed by dividing the distance (projected along the line of  the object 
approach) between the object and the interception location by the momentary 
speed at which this distance was closed.
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To evaluate the accuracy of  the critical-tau model and the dynamic-tau 
model we computed temporal prediction errors for both models (cf. van de 
Kamp et al., 2010). Within each trial this temporal prediction error was defined 
as the time difference between the experimentally observed moment of  hand-
closure initiation and the moment of  hand-closure initiation as predicted by 
the model. To determine the temporal prediction errors of  the critical-tau 
model, we assumed that first-order time-to-contact was to be kept constant 
at a specific value in the control of  grasping. This value (which was allowed 
to vary across participants) was taken to be the value at which the sum of  
squared prediction errors was minimal (cf. van de Kamp et al., 2010; Zaal & 
Bootsma, 2004). Next, we inspected for each trial when this value was reached, 
and computed the difference in time between the latter moment and the 
moment of  hand-closure initiation. Analogously, we determined the temporal 
dynamic-tau model error by computing the difference between the predicted 
moment of  hand-closure initiation and the experimentally observed moment 
of  hand-closure. To arrive at the model prediction, we numerically simulated 
the model’s set of  differential equations (see van de Kamp et al., 2010; Zaal 
et al., 2004) using a Runge-Kutta algorithm with a fixed time step equal to the 
time step of  the kinematic data. Following previous model simulations (van 
de Kamp et al., 2010; Zaal et al., 2004) all parameters were set at a fixed value 
( α = 10; ω = 10; γ = 10; β = 90; σ = 0.75; rcrit = 0 ) except the parameter cvision, 
which was allowed to vary across participants. Within each participant, the cvision, 
parameter setting was optimized by finding the minimum sum of  the squared 
temporal prediction errors between the model predictions and the observed 
initiation moments (see Table 1 for the values of  cvision ). 
Table 1. Values of  the cvision parameter that were used in the simulations of  Experiment 1.
Participant 1 2 3 4 5 6 7 8 9 10
cvision 6.83 5.82 6.56 4.94 5.74 6.11 6.40 5.05 5.82 5.42
Participant 11 12 13 14 15 16 17 18 19 20
cvision 4.83 5.74 5.05 5.43 5.95 5.26 7.67 5.10 5.37 5.69
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These mean prediction errors were analyzed with a repeated-measures 
analyses of  variance (ANOVA) with: model (critical-tau vs. dynamic-tau), 
object acceleration (-50, -20, 0, 20, and 50 cm/s2 ), and object velocity (40, 60 
cm/s) as within-participant factors. In case the assumption of  sphericity was 
violated, the degrees of  freedom were adjusted using Greenhouse-Geisser 
corrections. The corresponding effect sizes (η2G) were calculated based on 
generalized eta-squared values (cf. Bakeman, 2005) and interpreted according 
to Cohen’s (1988) recommendation of  .02 for small effects, .13 for medium 
effects, and .26 for large effects. In post-hoc analyses, we applied the Bonferroni 
correction procedure. 
results
Figure 1 shows an example of a trial in which the target object aproached the 
participant at a constant object acceleration of 20 cm/s2 arriving at the catching 
hand with an object velocity of 60 cm/s. The Figure shows that during this 
object acceleration, the catching hand was opened to subsequently enclose the 
target object. In all conditions, the grasping movement started during the phase 
in which the object accelerated/decelerated (3rd phase, see Method section). 
The average prediction errors of both the critical-tau model, M(SD) = 1.1 (16.6) 
ms, and the dynamic-tau model, M(SD) = 0.6 (14.4) ms, were rather small and 
did not differ significantly from each other. We did find a large main effect 
of object acceleration, F(2.82, 53.65) = 13.33, p < .0001, η2G = .272. A small 
Model x Acceleration interaction effect, F(1.38, 26.18) = 180.14, p < .0001, η2G 
= .043, indicated that the mean prediction errors for object accelerations -50 
cm/s2 through 50 cm/s2 of the critical-tau model: -8.7, -0.5, 2.6, 5.3, and 6.6 ms 
(21.0, 17.8, 15.7, 16.0, and 12.4 ms, respectively) seemed to represent a slightly 
different effect of object acceleration than those of  the dynamic-timing model: 
-4.7, 0.5, 1.9, 3.1, and 2.2 ms (20.7, 17.7, 15.5, 15.8, and 12.5 ms, respectively). 
Furthermore, we found a large effect of object velocity, F(1, 19) = 154.25, p < 
.0001, η2G = .317, showing that on average the two models were 3.7 (18.2) ms 
too late with low velocities (40 cm/s), whereas with high velocities (60 cm/s) 
they were 5.4 (14.8) ms too early. Finally, we found a Model x Acceleration x 
Velocity interaction effect, F(2.46, 46.76) = 17.61, p < .0001, η2G = .001, the 




The rationale for this first experiment was to see if  explicitly introducing 
nonlinearities in the closure of  the hand-object gap of  a catching task would 
result in grasping behavior that could be explained on the basis of  first-order 
time-to-contact information. This nonlinear hand-object gap closure was 
achieved by manipulating the target object’s speed of  approach (having it 
accelerate or decelerate) while having the participants keep their catching hand 
stationary. We found a number of  significant effects on the prediction errors, 
which meant that neither the critical-tau nor the dynamic-tau model proved 
successful in relating the timing of  hand-closure initiation to first-order time-
to-contact. These current findings regarding a catching task of  a stationary 
hand and accelerating objects are congruent with our previous results with 
a catching task of  a stationary hand and an object approaching at constant 
velocity (van de Kamp et al., 2010). Consequently, one might conclude that 
the adopted time-to-contact models are just ‘no good’ in explaining the timing 
of  hand-closure initiation in catching and thus, that we have to conclude that 
our search for a common control of  hand-closure initiation in both catching 
and prehension turns out to be fruitless. Alternatively, one could say that by 
Figure 1. An exemplary trial showing Object Velocity (dashed line) and Hand Aperture (solid line) as 
a function of  time.
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designing our catching tasks in a rather constrained way, we might have brought 
our participants in an unnatural catching situation. That is, by manipulating 
the movement of  the approaching object while instructing the participants 
to keep the catching hand stationary we, possibly, invited our participants to 
show behavior they would not show in natural catching. This would clarify 
why we had such a hard time explaining this (unnatural) grasping behavior on 
the basis of  first-order time-to-contact information.
So, what would a more natural catching task look like? What, for instance, 
would happen if  we left the hand free? How would the closure of  the 
hand-object gap evolve if  we kept the movement of  the target object under 
experimental control (we chose a constant velocity of  approach), but this time, 
the movement of  the grasping hand was left up to the person performing the 
catching task? In the next experiment, in which participants were free to move 
their hand while catching the target object approaching at constant velocities, 
we studied the possibility that if  the movement of  the hand turns out to be 
of  any significance in catching, we might find grasping behavior that can be 




A new set of  participants (nine female and six male), all right-handed and 
with an average age of  29 years (range 25 to 35) took part in the experiment. 
All participants had normal or corrected-to-normal vision, were naive to the 
exact purpose of  the experiment, gave their informed consent, and were paid 
a small fee for their participation.
Apparatus, procedure, and design
The main difference between Experiment 1 and 2 was in the procedure and 
design. The apparatus was identical to that of  Experiment 1. Again, we sampled 
the positions of  the IREDS, now at a 100 Hz, and had the participants catch 
the target object approaching with one of  five constant velocities (10, 20, 
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30, 40, and 50 cm/s) starting from one of  two different distances (55 and 
65 cm). In the same way as in the first experiment, the right hand, with the 
tips of  the thumb and index finger touching, was positioned on a starting 
position indicated on the table. Yet, this time, participants received no explicit 
instructions as to how they were to grasp the approaching object (i.e., keeping 
their hand at a fixed position or not). Instead, at the start of  each trial, they 
received one of  three headphone delivered instructions that were followed by 
white noise. The instructions: ‘forward’, ‘middle’, or ‘backward’ corresponded 
to three goal positions that were indicated on a line parallel to the object’s line 
of  approach (10 cm to the left). The middle goal was drawn directly left to the 
hand’s starting position. The forward and backward goal positions were drawn 
20 cm in front of  or behind the middle goal position. Participants were asked 
to place the approaching object at the instructed goal position. Importantly, this 
meant that participants were free to either keep their hand at a fixed location 
catch the object and bring it to the instructed goal position, or alternatively, 
reach for and grasp the object to bring it to the goal position. Presenting all 
30 randomized conditions (3 goal x 5 object velocity x 2 initial hand object 
distance) in 6 blocks resulted in a total of  180 trials for each participant.
Data analysis
All 2700 trials were used for the data analyses. In addition to the dependent 
variables of  Experiment 1, we analyzed the reaching amplitude of  the catching 
hand which was defined as the distance (projected along the dimension of  
the object approach) between the initial hand location and the interception 
location. In all other respects, the data analysis and numerical simulations (see 
Table 2 for the values of  cvision ) were identical to those of  Experiment 1. 
Table 2. Values of  the cvision parameter that were used in the simulations of  Experiment 2.
Participant 1 2 3 4 5 6 7 8 9 10
cvision 3.94 3.78 3.89 3.9 3.71 3.82 3.96 4.02 3.62 3.37
Participant 10 11 12 13 14 15
cvision 3.37 3.71 3.53 3.41 4.11 4.23
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results 
Figure 2 shows for each level of  object velocity an exemplary trial in which the 
rate of  change in the closure of  the hand-object gap is plotted against time. 
The Figure illustrates that by reaching out their hand to grasp the approaching 
object, participants, indeed, generated a nonlinear closure of  the hand-object 
gap. 
Figure 2. Five exemplary trials showing a participant’s rate of  change in the decrease of  the distance 
between the target object and the caching hand for object velocities 10, 20, 30, 40, and 50 cm/s.

































The two lines in Figure 3 represent the average reaching amplitudes for the 
two distances plotted against the five levels of object velocity. The ANOVA 
showed a large effect of object velocity, F(1.46, 20.41) = 860.24, p < .0001, 
η2G = .874 on reaching amplitude. Means for velocities 10 cm/s through 50 
cm/s were: 382.4, 289.1, 210.7, 149.7, and 101.7 (16.7, 21.6, 24.3, 26.3, and 28.3 
respectively) mm. Post-hoc comparisons revealed that these mean values 
were different among all levels of object velocity (p < .0001). We also found a 
difference in reaching amplitudes between the near 192.6 (22.6) mm and the 
far 260.9 (24.2) mm levels of distance. The ANOVA revealed that this effect 
was also large, F(1, 14) = 827.00, p < .0001, η2G = .448. Furthermore, a small 
interaction effect, F(4, 56) = 43.53, p < .0001, η2G = .021, was found between 
object velocity and distance (see Figure 3).
Figure 3. Average reaching amplitudes for the two distances (55 cm and 65 cm) plotted against the five 
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Temporal prediction errors
The critical-tau model and the dynamic-tau model seemed to do equally well 
in explaining the variability seen in the different conditions of  a catching task 
in which participants were free to move their hand in order to catch objects 
approaching at five different constant velocities and from two different 
distances. The average prediction errors for object velocity 10 cm/s through 
50 cm/s were: -0.3, 0.9, 3.4, 3.6, and 2.8 ( 34.2, 33.1, 27.7, 20.8, and 19.0) ms 
for the critical-tau model and: 4.0, 5.4, 2.2, -1.0, and -4.6 (31.8, 28.9, 21.7, 
18.1, and 16.7) ms for the dynamic-tau model. The small Model x Velocity 
interaction effect, F(2.08, 29.15) = 51.20, p < .001, η2G = .027, indicates that 
the average prediction errors for the critical-tau model seem to represent a 
different effect than those for the dynamic-tau model, but given the small effect 
size this effect will not be further interpreted. Also, the significant Velocity x 
Distance effect, F(4, 56) = 4.15, p < .01, η2G = .030, and the Model x Velocity 
x Distance effect, F(1.87, 26.15) = 3.95, p < .05, η2G = .002, had such small 
effect sizes that they were not interpreted. Finally, we found a medium to small 
effect of  goal position, F(2, 28) = 10.61, p < .0001, η2G = .075. Post-hoc tests 
learned that the effect could be attributed to a difference between the ‘forward’ 
goal position, M(SD) = 7.2 (23.6) ms, as compared to the ‘backward’ position, 
M(SD) = -1.9 (26.5) ms, and the ‘middle’ position, M(SD) = -0.3 (24.6) ms. 
disCussion
In this second experiment we aimed to find out what participants would 
do when they were given no instructions as to how they were to pick up 
the approaching objects. Figure 3 clearly shows that, in contrast to what we 
instructed our participants to do in our previous catching tasks (see Experiment 
1; but also van de Kamp et al., 2010), participants did not keep their hand 
stationary while catching the approaching objects. Quite on the opposite, 
participants in the current experiment reached out for the object in order to 
grasp it, and the amplitude of  the reach varied with object speed. This supports 
the idea that our previous design of  a catching task in which the hand was 
to be kept stationary while the object’s speed of  approach was controlled 
experimentally might have resulted in unnatural catching behavior. It seems 
defendable that in our earlier studies we could not understand the timing on 
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the basis of  first-order time-to-contact because of  the unnatural situation in 
which we brought the participants, as we did in Experiment 1 of  this study 
and in van de Kamp et al. (2010). 
We found that when participants were left free to move their catching hand, 
the amount of  reaching was scaled to the object’s velocity of  approach and 
the initial hand-object distance (Figure 3). So, when the object approached at 
low speed and from a far distance, participants showed considerable reaching 
amplitudes. When, on the other hand, the object approached at high speed 
and from nearby participants hardly reached out to grasp it. Bearing in mind 
our previous instruction to keep the catching hand stationary at all conditions 
(think of  a horizontal line in Figure 3, representing zero reaching amplitudes 
for all levels of  object velocity) it becomes clear that this instructed behavior 
is indeed quite different from what we just found in unconstrained catching. 
Furthermore, Figure 3 shows that this difference in behavior seems to increase 
with decreasing levels of  object velocity. This means that we might probably 
keep our catching hand close to stationary with fast approaching objects. 
However, when objects approach real slowly, we will probably not sit and wait 
for the object to arrive. All this implies that fitting a model to the timing of  
hand-closure initiation as observed in a catching task with a stationary hand 
and an object approaching at a constant velocity would be most problematic at 
the lowest level(s) of  object velocity. This is exactly what the prediction errors 
in our previous study were telling (van de Kamp et al., 2010). In that study we 
found a velocity effect on the prediction errors of  both the critical-tau and the 
dynamic-tau model that, according to the ANOVAs’ post-hoc tests (as well as 
Table 3 in van de Kamp et al., 2010), could be fully attributed to the slowest 
object-velocity condition that we used there (20 cm/s).
 Now that we know that allowing the hand to move plays an important role 
in catching, the next question is whether the timing of  hand-closure initiation 
could be understood on the basis of  first-order time-to-contact when the 
hand is not kept stationary. Our results showed that, when the movement of  
the grasping hand is up to the person performing the catching task, we no 
longer find a main effect (or interaction effect of  considerable size) of  object 
velocity on the models’ prediction errors. In terms of  effect sizes, the only 
effect on the models’ prediction errors worth discussing was the effect of  
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goal position. Since this factor was simply a dummy factor which turned out 
to be unrelated to the participants’ reaching behavior we, for now, accept it as 
it is and turn to our conclusion that the variability observed in the different 
conditions of  unconstrained catching can be well explained on the basis of  
first-order time-to-contact.
General disCussion
In this study we continued our search for a common control of  hand-closure 
initiation in both catching and prehension. We presented two experiments 
following up van de Kamp et al. (2010). Whereas, for the task of  prehension, 
modeling the initiation of  hand closure on the basis of  first-order time-to-
contact information had been successful with Schöner’s (1994) dynamic-tau 
model (van de Kamp et al., 2010; Zaal & Bootsma, 2004; Zaal et al., 1998), 
in catching this had not yet been the case (van de Kamp et al., 2010). In the 
current study we asked the question whether the grasping hand’s contribution 
to the closure of  the hand-object gap might be responsible for this difference 
in our findings. Was it the linearity in gap closure that obstructed the natural 
timing of  hand-closure initiation in the previous catching task, or is the typical, 
natural pattern in the closure of  the hand-object gap essential in the natural 
timing of  hand-closure initiation? 
In the first experiment we showed that simply introducing nonlinearities to 
the task of  catching did not result in grasping behavior that (like in prehension) 
could be explained on the basis of  first-order time-to-contact information. In 
the second experiment we showed that when participants were left free to move 
their catching hand, a) the hand-object gap was closed at a typical, nonlinear 
rate and b) both the critical-tau and the dynamic-tau model proved successful 
in relating the timing of  hand-closure initiation to first-order time-to-contact. 
This implies that it was not just the nonlinearity in the gap closure between 
object and hand that was responsible for the hampered timing of  the initiation 
of  hand closing, but that there is something special in the trajectory of  gap 
closure invoked by the moving hand in natural prehension.
Now that both models have been found to be successful in the context 
of  catching, the next question, of  course, is which approach account is most 
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promising in our search for a common control in both catching and prehension? 
Is the initiation of  hand closure simply triggered at a critical value of  first-order 
time-to-contact (Bootsma & Oudejans, 1993; Lee, 1976; Lee et al., 1983; Lee 
& Reddish, 1981; Michaels et al., 2001; Savelsbergh et al., 1991, Savelsbergh 
et al., 1993; Tresilian, 1991) or might this information be used in a more 
dynamic way (van de Kamp et al., 2010; Zaal et al., 1998; Zaal & Bootsma, 
2004)? It is not easy to make an empirical judgment based on the variety of  
dependent variables that have been reported previously. One complication is 
that these different measures have been defined along different dimensions. 
This means that we cannot quantitatively compare the outcome measures of  
the dynamic-tau model (van de Kamp et al., 2010; Zaal & Bootsma, 2004; 
Zaal et al., 1998) with the values of  first-order time-to-contact that have been 
reported in the many studies on catching and prehension (Bennett, van der 
Kamp, Savelsbergh, & Davids, 1999; Caljouw, van der Kamp, & Savelsbergh, 
2004; van de Kamp et al., 2010; Wallace, Stevenson, Weeks, & Kelso, 1992; 
Zaal & Bootsma, 2004; Zaal et al., 1998). To arrive at dependent measures 
that are defined along the same dimension for each dependent variable (i.e., 
model prediction), we computed temporal prediction errors (van de Kamp et 
al., 2010). In our perspective, a fair comparison between the predictions of  
the critical-tau model and the predictions of  the dynamic-tau model can only 
be made on the basis of  these prediction errors, which, unfortunately, feature 
only in our latest studies (i.e., the current study and that of  van de Kamp et 
al., 2010). All in all, these two studies showed that the dynamic-tau model has 
been successful in predicting hand closing initiation in prehension (cf. van 
de Kamp et al., 2010) and also in catching (Experiment 2). The critical-tau 
model, on the other hand, has only proved adequate in our last catching task 
(Experiment 2). Therefore, we think it is fair to conclude that the dynamic 
approach seems most promising as a vehicle to understand the generic control 
of  hand-closure initiation in catching and prehension.
Another conclusion drawn from our results is that if  one cares to study 
natural catching behavior, one should be careful when using instructions to 
constrain the participants’ behavior. We showed for instance that a simple 
instruction like keeping the grasping hand stationary might already have resulted 
in unnatural grasping behavior. The reason for keeping the catching hand 
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stationary was that this makes it easier to experimentally perturb the time-to-
contact information (e.g., Savelsbergh et al., 1991). Given the finding that it 
does actually make a difference whether the hand is kept stationary or not, when 
interested in natural behavior one might want to consider an alternative setup 
in which the movement of  the target object is still under experimenter control, 
but the movement of  the grasping hand is left to the person performing the 
catching task. Please note that the problems we encountered at the lowest level 
of  object velocity (i.e., the 20 cm/s condition in van de Kamp et al.’s, 2010, 
experiment), might not have occurred in other catching studies since these 
studies employed much higher levels of  object velocity (50 - 150 cm/s; e.g., 
Caljouw et al., 2004; Savelsbergh et al., 1991; Mazyn, Savelsbergh, Montagne, 
& Lenoir, 2007).
In the end, the dynamic-tau model was found successful in predicting the 
initiation of  hand closing not only in prehension but also in unconstrained 
catching. One might, however, ask the question: to what extent are these 
catching and prehension tasks still different behaviors? This problem seems to 
hinge on the definitions of  the tasks of  ‘prehension’ and ‘catching’. Should we 
be strict and, as soon as a target moves, consider the task to be that of  catching, 
for which the model would not apply if  participants were instructed to keep 
the grasping hand stationary (especially with low object velocities)? In that case, 
the task of  prehension would only imply stationary targets. However, a number 
of  studies have referred to the task they studied as a task of  prehension also 
when participants had to seize objects moving along a tabletop (e.g., Carnahan 
& McFadyen, 1996; Carnahan, Vandervoort, & Swanson, 1998; Chieffi, Fogassi, 
Gallese, & Gentilucci, 1992; Mason & Carnahan, 1999; Majsak, Kaminski, 
Gentile, & Gordon, 2008; Zaal et al., 1998; Zaal, Bootsma, & van Wieringen, 
1999). A redefinition of  what the task of  prehension entails would imply that 
these studies were not on prehension but some other task, and that, therefore, 
their results cannot be generalized to the task of  prehension. Importantly, this 
line of  reasoning is the complete opposite of  what we think should be the take-
home massage of  this study. In contrast to the idea that the human movement 
repertoire consists of  a set of  well-defined, mutually exclusive, actions (e.g., 
catching exclusively refers to the act of  grasping approaching objects whilst 
prehension exclusively refers to the act of  picking up stationary objects) we like 
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to think that the human movement repertoire reflects a spectrum of  actions and 
task domains covering a wide range of  such actions. In our second experiment 
we showed that behavior traditionally defined as prehension (i.e., the picking 
up of  stationary objects), when object speed increased,  seemed to gradually 
blend into behavior traditionally defined as catching (grasping fast approaching 
objects). We, however, did not find a clear delineation point between these 
behaviors. Therefore, in terms of  control, catching and prehension could just 
as well come under the same umbrella. This finding nicely fits the concept 
of  a generic control mechanism for the timing of  hand-closure initiation in 
both catching and grasping. In the current study we showed that one and the 
same first-order time-to-contact based initiation of  hand closure could apply 
in both catching and prehension. As to which approach (the dynamic-tau or 
the critical-tau) best explains the timing in hand-closure initiation, the jury is 
still out, however, a generic understanding of  the visual guidance of  grasping 
is certainly possible.
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